This paper describes the method of preparing strong hydrophobic polypyrrole (PPy) on wind turbine blades. The water contact angle of strong hydrophobic PPy coatings was 127.2°. The strong hydrophobic PPy coatings exhibited excellent anti-icing properties. The maximum icing weight of strong hydrophobic PPy coating blade was almost 0.10 g while the maximum icing weight of no coating blade was found to be 26.13 g. The maximum icing thickness of a strong hydrophobic PPy coating blade was only 1.08 mm. The current research will provide a better technique to create anti-icing coatings on wind turbine blades and other outdoor equipment.
Introduction
Recently, wind energy has been developed greatly [1] . Moreover, the wind turbines operating in high altitude or cold areas are threatened by ice problems [2] . Accumulation of ice on the exposed surfaces can cause serious problems with the integrity of outdoor equipment [3] . The ice formed into the wind turbine blades cannot be eliminated in time, thus significantly reducing the performance of wind turbine [4, 5] . Initial ice creation changes the original aerodynamic profile of the blade; continued ice accretion can affect the structural loading of the entire rotor leading to potentially dangerous situations. Several anti-icings and de-icing systems have been developed in the past to avoid or reduce the ice formation on structures for the description of different ice protection systems [6] . Many active and passive methods in development have been presented to reduce or eliminate the icing on wind turbine blades, in order to decrease the economic loss caused by icing and assure the maximum reliability of the wind turbine blades [7] . The active techniques, such as thermal and mechanical methods, are used widely but have high-energy requirement and are expensive to operate [8, 9] . However, the passive techniques such as anti-icing coatings are environmentally friendly and cheaper, which do not need any external energy to prevent ice accumulation [10, 11] . Thus, developing anti-icing coating into wind turbine blades is the most reliable and cost-effective technique for icing effects [12, 13] . Many researches on anti-icing coating have been conducted and made delightful progress [14, 15] .
Due to the lotus effect, hydrophobic surfaces with greater water contact have gained great attention because of their potential biological and industrial applications [16] . The larger contact angle can effectively allow the droplets roll down on the surface of the object and make it difficult to freeze. A rough substrate minimizes liquid contact via nonwetted areas of trapped air [17] . At the same time, the gas inside the microstructure can prevent the heat, delaying the freezing time of the droplets falling on it. In addition, the hydrophobic interface can also change the crystallization process of liquid, such as reducing the freezing point and changing the type of crystallization. The liquid droplets form ice layers on the hydrophobic surface, which can obviously reduce the adhesion between them and make the ice layer fall off more easily. Thus, hydrophobic surfaces or coatings could be ideally potential anti-icing materials for protecting the outdoor equipment in cold seasons [18, 19] . To take advantage of the role of hydrophobic coatings for anti-icing on the wind turbine blades, the preparations of hydrophobic coatings are crucial. Many studies [20] [21] [22] had been reported making hydrophobic or super-hydrophobic surfaces on different substrates. However, it is necessary to develop more new and facile methods of fabricating hydrophobic coatings on wind turbine blades.
Herein, a method was developed to prepare hydrophobic PPy coatings on wind turbine blades. The chemical compositions were analyzed by Fourier-transform infrared spectroscopy, the morphology and structure were analyzed by field emission electron scanning microscopes, and the wetting characteristics were analyzed by a contact angle-measuring instrument. In addition, wind tunnel experiments were carried out to analyze the surface dynamic freezing adhesion and ice resistance of polypyrrole hydrophobic coatings. It should be mentioned that the present method is very suitable for largescale preparation of hydrophobic coatings. Moreover, it has simple operation and the raw materials were cheap. In addition, the hydrophobic coatings on the wind turbine blades showed excellent hydrophobic and anti-icing effects.
In this work, commercial grade polyvinyl louden fluoride (PVDF, obtained from Harbin Lithium battery factory of China) was used without any further treatment. Wind turbine blades were obtained from Northeast Agricultural University, China. Analytical grade pyrrole, cetyltrimethyl ammonium bromide (CTAB), ammonium peroxydisulfate (APS), N-methyl pyrrolidone (NMP), and hydrochloric acid (HCl) were purchased from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (China). First, 1 mL pyrrole monomer, 2.02 g APS, and 1.1 g CTAB were added. During the polymerization process, the temperature was controlled at 0°C and the polymerization time was 12 h. Finally, the products were cleaned repeatedly with water, ethanol and the vacuum drying.
Test System
Currently, the ice numerical simulation and ice wind tunnel test are the main methods to prevent and remove ice [23] [24] [25] [26] [27] . Ice numerical simulation was mainly applied to the numerical prediction of ice shape and the calculation of aerodynamic characteristics after ice formation. With the rapid development of CFD in the 1970s, a number of mature icing procedures have been developed in international aviation icing research groups, such as LEWICE (NASA in the United States), onice (ONERA in France), trajice (DRA in the United Kingdom), feap-ice (DTIC in Canada), Canice (Bombardier in Canada), and ciramil (CIRA in Italy) [28, 29] , some of which have become a flying standard tool for the validation of icing airworthiness of vehicles.
An icing wind tunnel test is the main means of icing research. It can simulate the icing condition of icing objects in a cold environment more accurately by simulating various parameters in a real environment. It has the outstanding advantages of economy, practicality, advancement, and safety to study the icing and anti-icing characteristics [30] . In a sense, it does not need such a high-precision and high-cost icing wind tunnel to study the icing and antiicing problems of wind turbine blades, and the lowtemperature environment wind tunnel close to the natural conditions is more suitable. In order to study the icing characteristics of wind turbines and develop the anti-icing and deicing system, the authors' research office uses the unique low-temperature environment in Northeast China. The water mist injection system was installed on the basis of the conventional open jet wind tunnel and increased the experimental air channel, provides the icing environment conditions, controls the various environmental parameters of icing, and designs the wind turbine icing wind tunnel experimental system using the natural low temperature.
In this experiment, the natural cryogenic wind tunnel system, field emission scanning electron microscopy, video optical contact, angle measuring instrument, electronic balance, Fourier transform infrared spectroscopy, and other instruments were used. The natural cryogenic wind tunnel system is shown in Figure 1 (a). The experimental section was completely transparent and observable, the size of which was 1 m × 1 m × 2:5 m. The experiment model was installed on the blade rotation test bench, as shown in Figure 1 (b). The natural cryogenic wind tunnel system can control the flow and particle size of water drop by adjusting the combination of wind speed, nozzle number, nozzle diameter, and water pressure.
Experiment Model
In this experiment, three blades of NACA 0018 airfoil made of glass fiber composites were used, which are often used on small wind turbines. As shown in Figures 2(b) and 2(c), the chord length was 125 mm, and the width was 10 mm, using PVDF coating, PPY anti-icing coating, and no coating. PVDF coating can be done directly on the surface and form a film. The weight ratio of PPy to PVDF in the PPy anti-icing coating was 1 : 8. After processing, a black viscous PPy mixture can be obtained. The viscous PPy was painted onto the wind turbine blades using a brush and dried in the air. After that, a wind turbine blade coated with PPy was dried in a vacuum at 60°C for 12 h to adequately evaporate. And then a hydrophobic PPy coating was obtained on a wind turbine blade.
Results and Analysis
4.1. The Chemical Composition Analysis. In this study, the chemical compositions of PPy were analyzed by Fourier transform infrared spectroscopy (ALPHA-T, Brooke Germany Ltd.). Figure 3 shows the FTIR spectrum of PPy, and the characteristic absorption peaks were shown. The three absorbance features in the N-H peak of the pyrrole ring were at around 3444 cm -1 , the C=C stretching vibration peaks at 2
International Journal of Rotating Machinery the pyrrole ring were at around 1541 cm -1 , and the C-N expansion vibration peak on the pyrrole ring were at 1338 cm -1 . Compared with the standard FTIR spectra of pure PPy [31, 32] , it can be seen that the positions of the characteristic peaks were basically the same. Thus, we can preliminarily confirm that PPy can be successfully synthesized. The surface of the wind turbine blade coated into PPy coating also showed the porous shape of the return rang needles, and its scanning electron microscope is shown in Figure 5 The diameter of the linear PPy coated into the surface of the wind turbine was 3 International Journal of Rotating Machinery about 60-80 nm, and the diameter of the formed pore was about 100-300 nm. The dispersion was still very uniform. Due to sufficient time of grinding, stirring, and ultrasonic, it can be seen that PVDF was evenly dispersed, and PVDF has a little effect on the microstructure of PPy.
The Static Contact Angle Analysis.
In order to characterize the wettability of the sample surface, the static contact angle was measured by the video optical contact anglemeasuring instrument (OCA20, Data Physics) with the static drop method. Before coating, the surface of the wind turbine blade was hydrophilic with a water contact angle of 32.3°( shown in Figure 6 ). When PVDF was coated on the surface is hydrophobic, and the contact angle of blade surface was 93.4°(shown in Figure 7 ). The contact angle reached 127.2°( shown in Figure 8 ) after PPy coating, and the hydrophobicity increased greatly. Figure 8 shows the shape of the droplets on this strong hydrophobic coating. The droplets stand on the coating like rain drops on the surface of the lotus leaf, which is easy to fall off because of its low adhesion and strong hydrophobicity. The blade surface of the wind turbine coated into PPy coating was porous and rough. In theory, air can be trapped in these pores. Therefore, the rough PPy coating can be regarded as a composite composed of air and PPy trapped in the pores, which can be described by the Cassie-Baxter model [33] .
Here, the contact fraction of water and strong hydrophobic PPy coating surface and the contact fraction between water and air are f 1 and f 2 , respectively; the equilibrium contact angle on the blank blade surface is θ. It is predicted by the equation that the contact angle (θ r ) of PPy coating will be increased by increasing f 2 ; in addition, the contact angle (θ r ) of PPy coating will be decreased when f 1 increases. Based on contact angle data θ r 127.2, the equilibrium contact angle θ is 32.3°. So according to formula (1), we got
Therefore, f 1 was calculated to be about 21.4%. This means that about 78.6% of the air interception area exists when the coarse PPy coating contacted with the water droplets. The results showed that most of the water droplets did not infiltrate into the gap but on the surface of the coating, and the water droplets were basically in contact with each other, thus ensuring that the coating surface has a large contact angle. Because the surface coated with PPy has a micronanostructure similar to the surface of the lotus leaf and the data obtained from the contact angle measurement, we think that the surface microstructure of PPy coating leads to its strong hydrophobic properties.
Variation of Icing Weight and Comparison of Maximum
Icing Thickness. In order to study the ice-forming process of dynamic water droplets and the anti-icing effect of the coating, the dynamic icing experiments were carried out in a The test temperature of the natural cryogenic wind tunnel system was -6°C. The supercooled water droplets with a temperature of 0°C were sprayed on the sample surfaces through sprinklers with a pore diameter of 1 mm. The supercooled air inhaled by the wind tunnel was mixed with water mist, then ejected from the wind tunnel opening and impacted on the surface of the blade of the wind turbine. The outlet wind speed wind tunnel was 6 m/s with the angle of attack of the blade airfoil of 0 degrees, and the speed was 100 r/min. According to reference [34] , the LWC was 0:58 × 10 −3 g. The MVD was 50 μm. The atmospheric pressure was 101.325 Pa. In order to evaluate the ice proof and ice accumulation of the sample, the blade was weighed after every 10 seconds. International Journal of Rotating Machinery before and after freezing, and then use the weight difference to obtain the icing amount of the three coating models. Repeat the test three times, and the average results of the icing changes of the three coating models are shown in Table 1 .
It can be found from Table 1 that there were differences in the mass of icing on the blade surface. The ice thickness of the blade surface coated into PPy coatings was small according to the definition of ice type in reference [35] ; it can be seen that the type of ice generated was rime ice.
The comparison in the variation of icing weight of three blade surfaces is shown in Figure 9 . It can obviously be illustrated with Figure 9 that the weight of hydrophilic wind turbine blade without any coating increases linearly during the test time and that of hydrophobic PVDF coating blade increases linearly, but the increase range was lower than that of the uncoated blade. The maximum icing weight of strong hydrophobic PPy coating blade was almost 0.10 g. The maximum icing weight of no coating blade was almost 26.13 g.
Comparison of Maximum Icing
Thickness. Through the ice pattern images of three kinds of coating models after icing, we found the overall icing image of the three kinds of blades and the enlarged contrast image of local icing, as shown in Figure 10 . The maximum ice thickness T m on the surface was measured at the position of the thickest icing on the leading edge of the three kinds of blades. That is, the no coating blade was 3.60 mm, PVDF coating blade was 2.02 mm, and PPY anti-icing coating blade was 1.08 mm. It can be seen that the maximum icing thickness of PPY coating was the smallest and has a better anti-ice effect.
Conclusion
Based on the analysis of surface morphology and wetting properties, it can be concluded that the surface structures has a great influence on the freezing properties of watering droplets on the surface under the experimental conditions in this paper. The water contact angle of strong hydrophobic PPy coatings was 127.2°. Strong hydrophobic PPy coatings exhibit excellent anti-icing properties. The maximum icing weight of a strong hydrophobic PPy coating blade was almost 0.10 g. The maximum icing weight of no coating blade was almost 26.13 g. The maximum icing thickness of strong hydrophobic PPy coating blade was only 1.08 mm.
The strong hydrophobic PPy nanocoatings prepared for the wind turbine blades have excellent anti-icing performance. This has important reference significance and practical value for the design and preparation of anti-icing coating for wind turbine blades.
